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non-magnetic particles and permitting a less obstructed view of the important ferrous
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This technical report was prepared by the Lubrication Branch, Fuels

and Lubrication Division, Aero Propulsion Laboratory (APL), Air Force
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ﬁh' Wright Aeronautical Laboratories (AFWAL), Air Force Systems Command
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N (AFSC), Wright-Patterson Air Force Base, Ohio. The work was
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\.; accomplished under Project 3048, Task 304806, Work Unit 30480626,
U

g "Turbine Engine Lubricant Research," during the period of May 1987 to
o September 1987 with Mr Robert L. Wright as project engineer.
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SECTION 1
INTRODUCTION

The primary diagnostic methods in use today for the analysis of
engine wear debris particles found in lubricants are the analytical (AF)
and direct reading (DR) ferrographs (1). Although useful tools, AF and
DR have shortcomings. Much non-ferrous debris, such as contaminant dirt
particles, can be gravimetrically trapped on the AF slide (ferrogram) or
larger particles may be retained in the delivery tubing, and the
analytical costs of the AF are significant. DR is strictly used for
quantitative particle measurement. The rotary particle depositor (RPD)
(2) was developed as a less costly approach for situations where
non-ferrous debris content is high, and uses centripetal acceleration
and direct pipetting of the lubricant sample onto the slide to alleviate
gravimetric trapping and tubing particle retention problems associated
with ferrography. Permanent magnets trap ferrous particles 1in a
three-ring pattern as the circuiar slide and magnets spin together at a
pre-determined rate. All sizes of particles are trapped around the
inner ring, while intermediate and small sized particles are trapped
around the second ring, and only very small particles are captured at
the outer ring. Much of the non-ferrous material is removed from the
slide by centripetal acceleration, allowing for unobstructed viewing of
the important ferrous wear particles by the laboratory analyst. This
effort was an attempt to determine if the RPD could be used alone or in
concert with AF and DR ferrographs to better analyze turbine engine

lubricant samples.
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:§¢} SECTION 11
O
R EXPERIMENTAL PROCEDURE
l‘k'
" Sieved iron particles in size ranges of interest (0-44, 5-10,
N
:\\ 10-20, and 30-44 micrometer) were added to a typical ester based turbine
(3

';)‘ engine lubricant (MIL-L-7808) (3) at concentrations of 50, 100, and 200
o~

N parts per million (ppm). These prepared oil samples as well as samples
v'\vl
N
N that were purposely contaminated with AC fine test dust (4) (silica
".-

. particles of size range: less than 1 to 80 micrometers) and a sample

from a J-57 jet turbine engine simulator after 250 hours of operation

[y BN
.
L
« f\a~ o !

;E}E were all analyzed on AF, DR and RPD. A standard procedure was used to
:{¢ prepare each oil sample for AF, DR and RPD analyses. This consisted of
2;#; vigorousiy hand shaking the sample for 30 seconds then heating the oil
.:Ei to 65 +5°C. After heating, the sample was again vigorously hand shaken
3“; for 1 minute and then immediately analyzed. Oepending upon particle
_;S; concentration, the amount of undiluted sample analyzed varied from 0.1
»:Eg to 3 milliliters, although the total volume analyzed was held at 3 ml

for AF and RPD and 1 ml for DR by addition of the proper amount of clean

2% 0

ﬁtig diluent oil. Standard ferrograph operating procedures (5, 6) were used
E?S' for all AF and DR analyses. Standard operating procedures were used for
;5{. all RPD analyses (2), except that the rotational speed for sample
“é; deposition onto the RPD slide was chosen to be 110 revolutions per
'Eé minute (rpm) instead of the recommended 70 rpm. This was done because
s 110 rpm appeared to generate the desired ring deposition pattern better
:Ei; than several other settings that were attempted between 70 and 200 rpm.
:%q After each AF analysis, the sample ferrogram was examined under the
‘:E ferroscope and the percent area covered (PAC) by wear particles at
7
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selected slide positions was measured by ferrogram reader
( photodensitometer. The ferrograms were measured for PAC at the entry
point, 50 mm, and 10 mm from ferrogram exit positions. Zero readings
were taken at a particle free point on the ferrogram above or below the
N . positions of interest, as standard procedure recommends.
Photodensitometer large particle readings (D

L) and small particle

readings (DS) were recorded for each DR analysis. Each RPD sample slide

was examined under the ferroscope and since a magnetic moment particle
quantifier that is commonly used to quantify particle concentration on

an RPD slide was not available, a method was developed for measuring the

L P Sl N W N

. PAC of deposits on the RPD slide by use of the ferrogram reader
photodensitometer. This was done by using the cone of light exiting
from the ferroscope 11X eyepiece to visually approximate the position of

( the center of the innermost deposition ring on the RPD slide. A more
exact centering of the beam was then accomplished by maximizing the
ferroscope stage x iand y measurements with respect to the inner ring.

The intersection point of these x and y Tines was noted and taken as the

-

center-point of the slide. A zero reading was taken here cr at a |

[ 2l SN B &Y

particle free point nearby. The slide was then moved along the y axis

until the irnermost ring deposits were in view. This y change from

4 center was noted and designated as the O degree position. A PAC reading
- was taken here and then the slide was moved back to the center
\ coordinates. From here, the <'ide was moved along the x axis until the
‘ innermost ring deposits were in view. This was designated as the 90
degree position and a PAC reading was taken here. This procedure was
. repeated to obtain readings at the 180 and 270 degree positions. The

arithmetic mean value of the four readings was entered as the PAC value
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for the ring in question. The procedure was then repeated on the second
M and outer deposit rings, if they were present. This procedure was

- necessary because the RPD deposit rings were observed to be

A
s

e non-homogeneous in particle deposit density around the ring.
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SECTION ITI

RESULTS AND DISCUSSIOM

In each iron particle size range, samples in 50, 100, and 200 ppm
concentration were carefully prepared. Figure 1 shows a scanning
electron micrograph (SEM) of the original iron powder used in this
investigation (0-44 micrometer particles). The particles are seen to be
irregularly shaped but tending toward semi-spherical in shape.
Approximately 10 milligrams (mg) of iron was weighed out into an inert
plastic sample bottle using an analytical balance with accuracy
*0.0001 g for the 50 ppm samples. The proper amount (about 200 g) of
MIL-L-7808 1lubricant was then added to the sample bottle using a
laboratory balance with accuracy *0.01 g to bring the sample to the
desired 50 ppm concentration. A1l samples were in approximately 200 g
of lubricant, so the amount of iron weighed out for the 100 and 200 ppm
prepared samples was about 20 and 40 mg, respectively. The fractional
iron concentration is then simply determined by the equation:

)

C = mFe/(mFe + m]) or mFe/m] (since m»7 Mg

where: C = sample iron concentration (fractional)
Mee = Mass of the iron
m, = mass of the Tubricant = 200 g

To determine the uncertainty in the concentrations, the uncertainty

equation of Kline and McClintock (7) is used:
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= [(3C/oFe x er)2 + (JC/I1 x w])z]%

L3
o

where: We uncertainty in the sample concentration

AC/J)Fe = partial derivative of the concentration with respect
to the mass of the' iron
WEe = uncertainty in the mass of the iron = +0,0001 g

2C/31 = partial derivative of the concentration with respect

to the mass of the lubricant

W, = uncertainty in the mass of the lubricant = +0.01 g

From the concentration equation, one sees that >C/oFe = 1/m] and A C/)1 =
-mFe/m12. In this case, the second term on the right hand side of the
uncertainty equation becomes insignificant and the uncertainty in the
iron concentration of the samples is determined by the much simpler

equation:

We = Wee/M

So one finds that the uncertainty of all samples is +0.5 ppm. The error
in the concentration of each sample 1is then easily determined by
dividing the uncertainty by the nominal iron concentration. When this
js done, the errors for the 50, 100, and 200 ppm samples are 1.0, 0.5,
and *0.25 percent, respectively. One sees that with these small errors

in concentration, any variation in attempted quantitation of these
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*ég particles by photodensitometer after AF, DR or RPD analyses cannot be
ig attributed to errors in sample preparation.
(
;%E Attempts were made to correlate PAC readings normalized for sample
:E? volume to iron concentration for the prepared samples. Constant sample
“: volume was maintained for each sample analyzed or each instrument. Only
ig;‘ PAC readings at the entry point cf the ferrogram and around the inner
¥ ring of the RPD slide and DL readings of the DR analyses were used
- because there were virtually no particles captured beyond these regions
EEE for the prepared samples. The results for AF and RPD analyses are
Ei; plotted as PAC reading per ml versus gravimetric iron concentration in
.2; Figure 2. The data are quite scattered, but three general trends seem to
é; emerge. First, the PAC/ml reading for a given concentration decreases
.Sé as particle size increases. This is because the surface area to volume
oy ratio per unit mass increases as particle size decreases and a greater
&S area of the sample slide is covered by smaller particles than by larger
::E particles for each unit mass of material deposited. This trend doesn't
v hold, though, for the RPD analysis of the 10-20 micron particlies in 200
?ﬁi ppm concentration. This data point lies above the 5-10 micrometer
:.:' particle data point in tke same concentration. This aberation and other
iﬁ apparent inconsistencies in the data are probably due to the often high
E%; relative standard deviation in PAC reading for ferrographic type
Eﬁ deposits and the fact that the samples were analyzed by two different
_:i_ operators (8). Secondly, the data scatter increases as concentration
;géz increases. This 1is 1likely because the probability of a particle
‘§§ settling atop another is increased at larger concentrations and this
f& effect will decrease PAC/m1 and increase uncertainty in PAC readings.
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Thirdly, PAC readings do not increase 1linearly with particle

concentration. This is because the PAC vs. particle volume relationship
is a power law rather than a linear function (8). It should also be
noted that the PAC/m1 readings are greater fcr the 5-10 micrometer
particles on the ferrogram than on the RPD slide, while for all the rest
of the prepared samples, the readings are greater for the RPD slides.
his may be due to some of the larger particles being trapped in the AF
delivery tubing and never getting deposited on the ferrogram. The
results of DR analyses of these prepared samples are shown in Figure 3

as DL readings versus gravimetric iron concentration.

As mentioned previously in the experimental section, the deposits
on the RPD slide were observed to be non-homogeneous around the ring.
To assess deposit variations around the RPD ring, the 5-10 micrometer
particle sample at the 100 ppm concentration level was analyzed three
times by RPD. PAC readings were taken at every 45 degrees around the
inner ring (8 readings for each sample ring) of each RPD sample slide.
The percent deviation of each PAC reading from its particular ring's
mean PAC value 1s illustrated in Figure 4. This shows that particle
deposit density is very non-homogeneous around the ring and justifies
using at least four PAC readings around each deposit ring to arrive at a
representative PAC value. The average radius of the inner ring deposits
for all samples analyzed was 4.0 *1.1 mm. The average radius for the
second ring was 6.7 *1.1mm and the average radius for the outer ring was

9.4 +0.,4 mm.
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® Figure 4. RPD percent deviation from mean PAC value vs. slide position
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g?;? The 100 ppm, 5-10 micrometer particle sample was again used to
‘:E; prepare a new sample that was purposely contaminated with 500 ppm of the
‘:%: AC fine test dust. The new sample was analyzed on AF and RPD to
‘;&3 determine if contaminant particles would interfere with the deposition
i

A
- »

and visual observation of important ferrous wear particles on either or

7

,: _ both instrument's sample slides. The results of these analyses are
f;az shown by SEM comparison of the contaminated and uncontaminated
:E? ferrograms in Fiqgure 5 and S'M comparison of the contaminated and
_{: uncontaminated RPD slides in Figure 6. It is seen that the contaminant
.53 particles show up in high concentration on the ferrogram and that the
;E% concentration of the ferrous particles appears much lower than that for
;f:; the uncontaminated ferrogram. Most of the ferrous particles in the
:iﬁ contaminated sample were either deposited much further down the
:ﬁ; ferrogram than for the uncontaminated sample or washed completely off
7 the slide. The contaminated RPD slide, on the other hand, shows fewer
‘EEE of the contaminant particles, but many of the ferrous particles are not
?;3 magnetically aligned. This magnetic alignment problem is not displayed

by the contaminated ferrogram. The concentration of ferrous particles

) l.‘ -'
“I ‘-l

':ﬁ retained on the contaminated sample slide, however, is much closer to
,E; the uncontaminated sample slide concentration for RPD than for AF
gf: analysis. Apparently, the centripetal acceleration of the RPD is
';Ez ‘ removing most of the non-ferrous contaminant from the slide, while the
73% gravity flow of the AF allows much more of the contaminant to be
!{. captured on the ferrogram. In both cases, though, the contaminant
:f; particles appear to attenuate magnetic field strength, causing somewhat
iii random particle distribution on the slides. Even with the randomly
;;E aligned particles, though, it is easier to see individual ferrous

%
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b) Contaminated ferrogram (entry point)

Fiqure 5. SEM comparison of contaminated and uncontaminated
prepared cample ferrograms
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Figure 6. SEM comparison of contaminated and uncontaminated

Uncontaminated RPD slide (inner ring)

Contaminated RPD slide (inner ring)

RPD slides
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particies on the RPD slide because there are many tewer contaminant

particles to physically obstruct the analyst's view. This confirms the
work of Price and Yardley (9) with AF and RPD analyses of lubricant
samples from gear transmissions operating in a highly contaminated
underground environment, although they did not report having particle
alignment problems on the RPD slide. A comparison by SEM of RPD and AF
analyses of the turbine engine simulator sample is shown in Figure 7.
Evidence of severe wear can be seen in both micrographs, and evaluation
of wear mechanism(s) can probably be equally well determined by use of
either instrument. One notices, though, that the ferrous particles are
more evenly aligned on the ferrogram, perhaps allowing for easier
identification of ferrous and non-ferrous debris. It should be noted
that the quantity and type of wear debris in this sampie is not typical
of turbine engines in general. Indeed, this sample was chosen because
it contains a large quantity of abnormal wear debris that would be
easily seen by AF and RPD analyses. The cause of the atypical debris

quantity and type was a clearance problem in a mainshaft bearing (10).

Repeatabilities of the AF, DR, and RPD were evaluated by finding
the relative standard deviations of the PAC/ml readings for the
ferrograms and RPD sliides and the large and small particle readings of
the DR using the 100 ppm concentration samples for both the 5-10
micrometer and 30-44 micrometer particle size samples and also the
turbine engine simulator sample. There were at least 4 analyses of each
sample on each instrument at constant undiluted and total sample volume,

and the n-1 standard deviations were used. The relative standard

deviation was the n-1 standard deviation divided by the arithmetic mean
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PAC/ml. The results are presented in Table 1. For the prepared
samples, one sees that the AF and RPD repeatabilities are poor but of
about the same magnitude for the 5-10 micrometer particle sample, and
that repeatabilities are even poorer for the 30-44 micrometer particle
sample. The RPD repeatability here is much better than that for the AF,
giving credence to the hypothesis that some of these larger particles
may be traopped in the AF delivery tubing. The table also shows that the
repeatabilities are poor but are of the same magnitude for AF and RPD at
the entry and inner ring deposits of the turbine engine simulator
sample, but that the AF is more repeatable for the other slide positions
measured. In both types of samples, the quantitation by AF and RPD is
not reliable. It is also seen from Table 1 that repeatability is much
better by DR than either AF or RPD, except for the case of the large,

20-44 micrometer particle sample.

Even though quantitation of 1lubricant sample wear debris by
photodensitometer after AF and RPD analyses is unreliable in many cases,
the most important application of these instruments is the subjective
analysis of wear particles to deduce wear mechanisms and determine
equipment health. Evaluation of these wear particles is a matter of
experience and knowledge of the specific equipment whose sample is under
analysis. If the proper experience and knowledge are available, then
either the AF or RPD is an excellent tool to qualitatively evaluate
equipment wear dynamics. Which instrument is the best choice for an
analyst tc use is dependent upon the application and type of samplie in
guestion. For quantitation of debris by photodensitometer for the
samples identified heke, DR wac significantly better than AF in all
cases, and significanfﬁy better than RPD for all but the case of

extremely large, 30-44 micrometer particles.
18
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) TABLE 1 INSTRUMENT REPEATABILITIES

SAMKFLE INSTRUMENT ~ POSITION/VALUE  PAC RELATIVE STANDARD DEVIATION (%)

1
EAr AL
MO AR AR

PREPARED AF ENTRY POINT 26
5-10 MICROMETER
10C ppm Fe

) e 7, KN A
...&‘..-“\"’ ll .l .' ‘l "

! RPD INNER RING 25

"~

1 LR D 11

L
PREPARED AF ENTRY POINT 100

N o IS

O A

30-44 MICROMETER

100 ppm Fe

P
(

! RPD INNER RING 45

'
2y

» o .
s f MR AR)
ﬂ‘l,\"’ o
e

DR DL 49

TURBINE ENG. AF ENTRY POINT 23

s
t I 2 Y
s

elele
WAL

! RPD INNER RING 18

I'l.l L

DR DL 9.5

AF 50 mm 24

RS

" RPD SECOND RING 110

DR DS 10

" AF 10 mm 13

. 14
AR A
S I I

RPD OUTER RING 41
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SECTION 1v

CONCLUSIONS

Analysis of experimental lubricant samples by AF and RPD revealed

that quantitation of wear debris is often difficult due to inherent

repeatability problems, but

is about equal for either technigue and

dependent upon particle size, morphology, and operator technique. PBoth
techniques were tound to be excellent for the qualitative evaluation of
particle morphology, wear mechanism and equipment health. RPD was found
superior for analysis of samples with high contaminant concentrations,
but AF was equal

or superior to RPD for all other situations. DR

ferrograph photodensimetric quantitation of wear debris was more
repeatable than either AF or RPD and was also found to be dependent upon
particle size, morphology and operator technique. Ferrography appears
to be the method cf choice for turbine engine lubricant sample analysis,
because of the typically low levels of non-ferrous contaminant debris

encountered.
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